Abstract-The switching field and the coercivity field of the Stoner-Wohlfarth particles though defined differently is nearly equal to each other in magnitude whenever the corresponding hysteresis loop is fairly rectangular in shape. As the result of large inclination in the field angle, thermal relaxation and textural distribution effects, however, the hysteresis loop may become strongly sheared and the side of the loop dips below zero before the switching taking place so they begin to deviate from each other appreciably.
INTRODUCTION
The dependency of magnetic hysteresis properties of single domain particles on the orientations and sweep rates of the external field, particle's texture and thermal relaxation effects, etc., has been extensively studied in recent years [1] [2] [3] [4] [5] [6] . Numerically, it is not uncommon to find the magnitude of the particle's coercivity and switching field is practically coincided with each other in some laboratory measurements. On the other hand, it may be quite serious in error to treat the two quantities synonymously since the coercivity and switching field after all refer to distinctively different magnetization processes and curves so that they are expected to differ from each other accordingly. Thus, to characterize the switching field and the coercive field, or the switching properties of magnetic particles in general, it is of interest to study the switching behaviors of the magnetic particles in relation to each other for different field orientations with respect to the texture of the easy axes, for measurements taken at different frequencies and under the thermal relaxation effects. We have studied such a behavior by assuming that the system consists of thermally excited noninteracing Stoner-Wohlfarth (S-W) [7] particles with a given distribution of the uniaxial anisotropy. Under a time varying magnetic field at a fixed orientation with respect to the easy axis, the measurement conducted at a lower frequency will result in a 'narrower' hysteresis loop and a smaller switching field distribution (SFD). since the magnetization of each particle has more time, at a lower sweep rate, to switch its direction under thermal-excitation, even though the magnitude of the applied field has not reached the critical value at which the energy barrier disappears.
The behavior of the sweep rate dependent susceptibilities and hysteresis loops has practical application and has been of interest to many researchers around. The dependency of such properties on the field orientations is also of interest and concern. We therefore pursued analytic formulation of the problem based on the nonequlibrium probabilistic approach followed by the numerical evaluation in the hope that it may help delineate the behavior of the non-equilibrium magnetization reversal and the related properties.
n. FORMULATIONS
We shall formulate the analysis of hysteresis and related properties of the system of the non-interacting particles based on the bi-stable non-equilibrium probabilistic approach [8, 9] .
Consider a bi-stable system characterized by two metastable wells Wl 
where 11:12 is the thermal decay rate out of the well Wl into the well W2 and 11:21 is the corresponding reverse rate. In the transition state theory, the decay rate is in which Wi is related to the curvature of energy and equals to 2KV in the absence of an external field, Qij is the barrier height for the i -----+ j transition.
For the non-interacting system of uniaxial particles, each with the same effective anisotropyenergy constant K and volume V, under a time varying magnetic field H(t), the energy of the system can be expressed as For an arbitrary applied field angle, the nucleation field at which the bi-stable system disappears can be obtained using the S-W model. When the applied field is smaller than the critical field value, the system has two minima the coordinates of which and that of the lowest saddle point can be evaluated numerically. For example, by setting BE/Bp =0 it is easy to see that p=O is the solution. This is apparent from symmetry argument. To evaluate the two minima4>i's, (i=1, 2), we need only setting 8E(p = 0)/84> = 0 and 8 2 E/84>2 > 0, and evaluate the resultant equation using the NewtonRaphson formula. The values of Q12, Q21 ,W1,W2 and Kij etc., can be evaluated similarly.
For the prefactor we adopt fo = e 25 , and let KV/kBT = 42.6 so that the half-life of the system without having an applied field is about one year. Re-writing Eq. (1) as
where Kij and n1(t) can be determined at any instant, the latter numerically, by means of the second AdomsMoulton formula [lO] :
in which h = tiH -ti, n'(ti+d is a time derivative at t=i+l, etc.. If we assume that all the particles contribute equally to the net magnetization of the system and remind that the magnetic field is now confined to the xy-plane so that (J = 7r /2. Let the magnetization at the local minima of E be denoted as (4)i, 0), i = 1, 2, the magnetization of the system becomes
Thus, M is a function of the particle density ni which in turn is a function of the history of applied fields. Using the expression, one is capable of tracing out the hysteresis loops. When the applied field is equal to or larger than the critical value, we note that the coordinate of the only minimum of energy E is at the point (4)0,0). Assuming the magnetization rotates abruptly to this minimum, we have M = M. {cos 4>0, sin 4>0, O}
Thus, the component of the magnetization parallel to the applied field, and the hysteresis loops can all be obtained and the corresponding magnetic properties such as the coercivity, the switching field under the sweep rate effect and the thermal relaxation effect can be analyzed.
Further, the relation and the effects of the textural align.! ment of a given system and the corresponding properties of the hysteresis loops are carefully discussed. Also, the present model calculation can be applied to further delineate the new features related to the reversible transverse susceptibility (RTS) [ll] with respect to the orientation and thermal relaxation effects. Coherent rotation of magnetization within the Stoner-Wohlfarth limit was assumed.
Ill. RESULTS AND DISCUSSIONS
We summarize the present calculations as follows.
A. Particles with a Sharp Distribution of Easy Axis
For particles well aligned with a sharp distribution of the easy axis, the main features of the behavior of the· field orientations and sweep rate dependent coercivityof the S-W particles can be depicted as shown in Fig. l . At very high frequency the coercive field He approaches the nucleation (anisotropy) field Hn (Hk) on extraploation when the external field is along the easy axis, while at low frequency the coercivity becomes fairly flat with respect to the variation of the field orientations. In fact the coercivity becomes relatively constant at high field angles at any sweep rates. On the other hand, the switching field H. is defined as the value of the field corresponding to the maximum of the derivative of 8Id/fJH where Id is the demagnetization curve [12] . As the field angles (J :s: 7r / 4 the coercivities He and the switching fields H. are numerically identical to each other in the S-W coherent rotation limit. However, the two quantities begin to part company as the field angles exceeds 7r / 4. This is due to the fact that at larger field angles the hysteresis loop becomes strongly sheared and that the side of the hysteresis loop dips below zero before switching takes place. Further, the differential between the two quantities becomes even more substantial when the thermal relaxation effect is taken into account. Figure 2a shows the variation of the reduced switching field, H. / H n, versus the field angle 0 corresponding to the sweeping field period of one hour at KV/kBT = 00 (solid line), 3000 (long dash), 100 (clash) and 40 (short dash) and 2b shows the variation of the energy barrier at the corresponding values of KV/kBT (KV/kBT = 00 is not shown). Note that the energy barrier being approximately ~ 26kBT, or equal to the value ofthe typical blocking temperature used. In correspondance with this energy barrier, the field sweep period is about 1.4 second. Note that in comparison with Fig. 1 the switching field at low value of the thermal relaxation factor, say KV/kBT = 3,000, behaves similarly to that of the curve corresponding to a high sweep rate at f ~ 10 8 Hz; while the switching field at higher values of KV/kBT turns flat just as the behavior of the corresponding coercivity curves in Fig. 1 at low sweeping rates, say f = 10-4 H z.
Note also that from Fig. 2b it is clear that the energy barriers remains relatively flat with respect the field angles, as generally presupposed. Figure 3 shows the variation of the peak field value at KV/kBT =100 and 40. The hysteresis loop is quite rectangular in this case, consequently, the peak field value of the SFD practically coincides with, though consistently just a shade higher than, the coercive field He;
the peak field value Ht of the susceptibility curve, however, is appreciably lower. B. Particles with an Easy Axis Distribution Figure 4 shows the effects of the cos 2 0 distribution of the easy axis about the field direction on the hysteresis loops, the demagnetization curves and the corresponding SFD at KV/kBT=(a) 40, (b) 100 and (c) 3,000. The hysteresis loops are fairly rectangular. As the result, there exhibits similar behavior as regards the variation of the switching field H. versus the coercivity He. That is the two quantities differs from each other only upto 1.02% to 1.58% from the lower value of the thermal relaxation factor to the higher ones for the range of the value shown. Similar calculation for the case of the random distribution of easy axis reveals that the hysteresis loop is sheared to some extent, especially so at higher value of KV/kBT say at =3,000. Nonetheless, the differential between H. and He remains as small as the cos 2 0 textural distribution about the z-axis shown above. The effects of the easy axis making cos 2 0 distribution about the x(or y) -axis while keeping the drive field along the z-axis has also been attempted (Fig. 5) . The hysteresis loop is strongly sheared and the side of the loop dips below zero at KV/kBT = 3,000, consequently, the differential between H. and He becomes substantial. As shown in Fig. 5 , the reduced coercivity is 0.374 while that of the switching field is 0.484, showing a whopping 27.4% differential between the two. Similar or more serious deviation of H. from He field values also occurs in the reversible transverse susceptihility(RTS) calculation [8, 13] .
Briefly summarizing the present calculations as follows. We note that the value of the switching field and the coercivity are nearly identical to each other provided that the texture of the system is reasonably uniform, 0.0 the field inclination angle is not too large and the thermal relaxation factor is appreciable. Otherwise, the deviation of the switching field from the coercive field is expected to be substantial. Figure 5 The effects of the cos 2 0 distribution of the easy axis about the x -axis and the drive field along the zaxis on the hysteresis loop, remanence curve at KV/kBT = 3,000. The hysteresis loop is strongly sheared, dipping below zero before the switching taking place causing severe variation of H. from He. -244-
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